The inhomogeneous interfacial tension induced by molecular adsorption or desorption in a non-equilibrium state at liquid-liquid and air-liquid interfaces results in convectional motions or deformations on the interfaces. Autonomous motions of materials, such as liquid droplets [1] [2] [3] [4] [5] [6] [7] and solid disks, 8-10 floating on an aqueous phase, belong to such phenomena, and the chemical-to-physical energy conversion processes have attracted much attention. These motions arise from the difference between the surface tensions at the front and rear sides of the materials, acting as the direct driving force for the spontaneous motion. In the case of an aniline droplet, the surface tension was estimated by measuring the contact angles. Recently, Nagai et al. reported the spontaneous regular motion of an oil droplet.
The inhomogeneous interfacial tension induced by molecular adsorption or desorption in a non-equilibrium state at liquid-liquid and air-liquid interfaces results in convectional motions or deformations on the interfaces. Autonomous motions of materials, such as liquid droplets [1] [2] [3] [4] [5] [6] [7] and solid disks, [8] [9] [10] floating on an aqueous phase, belong to such phenomena, and the chemical-to-physical energy conversion processes have attracted much attention. These motions arise from the difference between the surface tensions at the front and rear sides of the materials, acting as the direct driving force for the spontaneous motion. In the case of an aniline droplet, the surface tension was estimated by measuring the contact angles. 3 Recently, Nagai et al. reported the spontaneous regular motion of an oil droplet.
1,2 When a certain range of volumes of an oil droplet was allowed to float on an aqueous phase, a regular vectorial motion was observed, besides the splitting or crawling motion. The mode of motion was dependent on the volume of the oil droplet. The size and deformation of the oil droplet, leading to an inhomogeneous distribution of the surface tension around the oil droplet, were studied by a numerical model analysis.
1 A larger oil droplet on an aqueous phase results in an asymmetric shape; therefore, the concentration gradient of the adsorbed molecules at the surface in the front side may become larger than that in the rear side. Therefore, the asymmetric convective flow is induced, resulting in the spontaneous vectorial motion. However, the distribution of the surface tension around an oil droplet has never been measured experimentally. In the present work, we measured the surface tension gradients in the front and rear sides of a 1-hexanol droplet, exhibiting a regular vectorial motion by a non-invasive time-resolved surface tension measurement using the quasi-elastic laser scattering (QELS) method. [11] [12] [13] A circular channel for the above-mentioned alcohol droplet motion was designed to measure the surface tension continuously for more than 600 s, and to derive the distance-dependent surface tension, based on the time-resolved results. The constructed circular channel and the optical configuration for the QELS measurement are shown in Fig. 1 . The channel was made of a glass plate on the bottom, and the walls of two stainless-steel rings were attached to the glass plate using an epoxy resin. The walls of the channel were covered with a fluoroplastic adhesive tape (0.04 mm thick) for avoiding any surface deformation due to the meniscus. The inner and outer rings had a diameter of 210 and 240 mm, respectively. A travelling length of 710 mm was sufficient for the surface tension to return to the stationary value of the aqueous phase during the circular motion. Two rings were put non-collinearly, and surface tension measurements were performed at the center of the narrowest channel (11 mm width) so as to avoid any meandering of the alcohol droplet.
The oil droplet was made of 1-hexanol (Kanto Chemical, Japan). The volume of the 1-hexanol droplet, the concentration of the alcohol in the aqueous phase, and the depth of the aqueous phase are the critical parameters for a spontaneous uniform motion. The velocity of the alcohol droplet can be controlled by changing the depth of the aqueous phase. A 0.58 vol% aqueous phase of 1-hexanol was filled in the circular channel so as to reach a 3.0, 3.6, or 8.0 mm depth level. When a 50-μL droplet of 1-hexanol with a diameter of around 8 mm was floated on the aqueous phase, a one-directional regular motion of the alcohol droplet was induced spontaneously and maintained continuously along the circular channel. The positions of the alcohol droplet were recorded using a 30 frame s -1 video camera, and the velocity was estimated by the crossing time of a certain section of 59 mm length near the measurement position for the surface tension. All of the measurements were carried out at room temperature.
The time-resolved surface tension was measured non-invasively using the QELS method, in which the capillary wave frequency was monitored. The details concerning the principle and apparatus for this method are described elsewhere. 12, 13 Briefly, this method is based on ripplon spectroscopy comprising the angle-and frequency-resolved detection of the quasi-elastic light scattering generated by capillary waves. [11] [12] [13] [14] [15] [16] An excitation laser light source of 532 nm wavelength was obtained from a Nd:YVO4 laser (JUNO100, Showa Optronics Co., Ltd., Japan). In this system, the flow of the solution shifted the detection frequency by the Doppler shift; 17 therefore, the incident plane of the excitation and local oscillator light was perpendicular to the direction of the alcohol droplet motion, thus minimizing the effect of the flow. The angle between the excitation and scattered light was 1 degree. Both the scattered and local oscillator light were detected by an avalanche photodiode (C5331-11, Hamamatsu Photonics, Japan) in the heterodyne mode through an aperture with f1 mm, and the spectra were accumulated every 1 s by a spectrum analyzer (RSA5103A, Tektronix, USA). The measured capillary wave frequency was converted to surface tension by using the dispersion relation of capillary waves. The capillary wave frequency of the air-water interface with a surface tension of 72 mN m -1 at 300 K was used as a reference.
The motion of the 1-hexanol droplet on the aqueous phase at a depth of 3.0 mm was almost uniform, and the average velocity of the droplet was estimated to be 15 ± 0.2 mm s -1
. When we used an aqueous solution containing 1-hexanol with the concentration being over 0.59 vol% or less than 0.55 vol%, we could not observe any uniform motion of the alcohol droplet. The time-resolved surface tension of this system is shown in Fig. 2(a) . Regular rapid drops in the surface tension were observed during the crossing of the alcohol droplets, and the average lowering value was estimated to be 1.4 mN m -1 . The lowering of the surface tension at the crossing position was because of the denser adsorption of 1-haxanol on the surface by dissolving from the alcohol droplet. Further, after the alcohol droplet crossed the measurement position, the surface tension gradually returned to the stationary value of the 1-hexanol aqueous phase. When the depth of the aqueous phase was increased, the velocity of the uniform motion also increased. The time-courses of the surface tensions for the 3.6 and 8.0 mm depth aqueous phases are also shown in Figs. 2(b) and 2(c) , respectively.
The time axis of the observed time-resolved surface tension could be converted to the relative distance from the alcohol droplet by coinciding with its position recorded by frame shots taken by a video camera. The data for 9, 15, and 31 alcohol droplets crossing at the measurement position were superimposed to the 3.0, 3.6, and 8.0 mm depth aqueous phases, respectively; the results are summarized in Fig. 3 . The alcohol droplet position is at the origin, and the positive and negative distances represent the front and rear sides of the moving alcohol droplet, respectively. Clearly, the surface tension gradient in the front side was larger than that in the rear side. The Marangoni convection caused by the surface tension gradient simultaneously occurred in both the front and rear sides of the moving droplet; however, the difference in their surface tension gradients resulted in asymmetric convective flow at the surface, thus making the alcohol droplet move continuously. For a quantitative evaluation of the surface tension gradients, the data were fitted to an exponential function,
where x, γ0, A, and l are the distance from the alcohol droplet, the stationary value of the surface tension, the amplitude of the decrease in the surface tension, and the recovery distance to the stationary value, respectively. In the fitting function, the inverse of the recovery distance was proportional to the surface tension gradient. The fitted results are shown as a solid line in Fig. 3 , and the resulting recovery distances in the front and rear sides are summarized in Table 1 . The recovery distance in the front side was shorter than that in the rear side in all the three cases. The contribution of the difference in the surface tension to the velocity of the alcohol droplet was also examined. The contact angles of a moving droplet and the resulting surface tension for three types of velocities were estimated by observing the side-views of the droplet following a previously reported method. 3 A linear channel with a rectangular shape of 15 mm width was used for this measurement, and 10 pictures of the side-views of the moving alcohol droplets were analyzed for each velocity. The surface tension at the front of the alcohol droplet was higher than that at the rear, and the differences were estimated to be 0.6 ± 0.1, 0.7 ± 0.2, and 0.6 ± 0.1 mN m -1 for 25, 31, and 39 mm s -1 alcohol droplet velocities, respectively. They were almost constant, indicating that the difference in the surface tension around the droplet is independent on the velocity.
From these results, the relationship between the velocity of the alcohol droplet and the anti-parallel Marangoni convective flows due to the surface tension gradients is discussed. Assuming that the viscous resistances against the front and rear convections around the alcohol droplet have the same ratio as a simple approximation, the Newtonian equation of a droplet can be written as follows:
where m, v, L, γf, γr, η, vf, vr are the mass of the alcohol droplet, the velocity of the alcohol droplet, the size of the alcohol droplet, the surface tensions at the front and rear sides of the alcohol droplet, the viscosity coefficient, and the convection velocities in the front and rear sides, characterized by the Marangoni effect, respectively. In the steady state, the value of dv/dt is zero. The surface tension difference between the front and rear sides of the alcohol droplet can also be ignored, as mentioned above. Therefore, the velocity of the alcohol droplet, v, and the difference in the convection flow velocities between the front and rear sides, vf -vr, should show a linear relationship. The surface tension gradient is balanced with the viscous resistance of the solution in the steady state; therefore, the convective velocity at the surface could be characterized by the inverse of the recovery distance related to the surface tension gradient. Because the Marangoni convection led to the bulk convection, the velocity of the acohol droplet was strongly influenced by the depth of the aqueous solution. The dependence of the difference in the inverse of the recovery distances between the front and rear sides on the velocity of the alcohol droplets was examined as shown in Fig. 4 . The relationship between the two sides shows a good linearity, as shown in the fitted line. Thus, the velocity of the alcohol droplet was dominated by the difference in the surface tension gradients between the front and rear sides.
In conclusion, we succeeded in measuring the surface tension gradients around a moving alcohol droplet by non-invasive time-resolved surface tension measurements using the QELS method. The surface tension gradient in the front side was larger than that in the rear side, leading to asymmetric convection flow.
The origin was attributed to the inhomogeneous distribution of 1-hexanol molecules adsorbed on the surface due to an asymmetric morphological deformation of the alcohol droplet. Regarding the Marangoni convection, characterized by the surface tension gradient, the recovery distance of the surface tension was evaluated by fitting the obtained data with an exponential function, because the surface tension gradient is proportional to the inverse of the recovery distance. It has been found that the velocity of the alcohol droplet linearly correlates to the difference in the inverse of the recovery distances between the front and rear sides. These results confirm that the asymmetric Marangoni convection flow caused by the surface tension gradient of the alcohol droplet is the dominant factor concerning the vectorial motion of the alcohol droplet.
Supporting Information
A movie of a moving 1-hexanol droplet at 25 mm s -1 on the aqueous phase in the actual circular channel is available in Supporting Information. A fluorescent dye was added into the droplet to help visualize. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
